An experimental study has been made of the factors involved in the turbulent transport of water vapour and heat in the lowest layer of the atmosphere over well exposed level grassland. Measurements were made over periods of 1 hr. of the water loss from isolated but otherwise naturally exposed sections of the surface layers of the soil and quantitative arguments advanced for adopting them as a reasonable approximation to the true evaporation loss from the ground surface. The incoming and reflected components of solar radiation, the temperature distribution in the soil down to 16 in. and the vertical profiles of temperature, humidity and wind speed in the air up to a height of 2 m. were observed at the same time, and samples taken to provide necessary data on the physical properties of the soil. The net flux of long-wave radiation was computed from the temperature and humidity structure of the atmosphere as given by the present low-level measurements and routine upper-air soundings. The data prescribe the vertical turbulent flux and the vertical gradients of the water vapour and heat content of the air, from which m aybe evaluated the vertical components of the eddy diffusivities for water vapour and heat (Kv and K H) as customarily defined.
and heat are directly obtainable, while from measurements of the vertical profile of wind speed and appeal to aerodynamic laws the eddy diffusivity for momentum may also be evaluated in certain circumstances. The measurements were made on a clayland pasture on the University Farm at Cambridge during spells of fine weather in March 1948. For the wind directions then obtaining this site is suitably level and unobstructed for the establishment of horizontal homogeneity in the structure of the air up to a height of 2 m. Upwind of the instruments there was always at least 150 yd. of level uniform terrain (see Deacon 1949, on the distance required for the setting up of a homogeneous wind profile). The nearest substantial variation in level occurs beyond 150 yd. to the south-east where the ground slopes gently into a small valley, while the nearest obstacle of important size is a close about 50 ft. high covering a front of 250 yd. at a distance of 500 yd. to the south-south-west. Bare soil was visible over a considerable proportion of the pasture and the patchy grass cover was mainly 2 cm. long with occasional withered tufts up to 5 to 7 cm. and showed no appreciable change in length over the whole period of observation.
The essential features of the assembly of instruments are illustrated in figure 1. The vertical profiles of air temperature and humidity up to a height of 2 m. were explored over individual periods of 1 hr. with a portable distant-indicating thermo couple psychrometer apparatus developed specially for the purpose and described in detail elsewhere (Pasquill 1949), while the corresponding profiles o f wind speed were observed with sensitive cup anemometers which are a development of a type described by Sheppard (1940) . Masts supporting the instruments at heights of 200, 150, 100, 50, 37-5 and 25 cm. were set up in line across wind. During each 3 min. period the differences in dry-bulb and wet-bulb temperature between the 200 cm. level and each other level in turn were read to 0*01° F on a suitable indicating gal vanometer, and the absolute values of the temperatures at the 200 cm. level were read separately to 0-1° F. In the earlier observations this procedure was maintained throughout the whole period of 1 hr., the anemometers being continuously in opera tion over the same period. At the end of the run the psychrometer mast was swung into a horizontal position across wind and five sets of readings taken so as to provide zero corrections. At the same time all anemometers were mounted at a height of 2 m. and compared over a period of 20 min. or so. In these control observations there was sometimes reason to suspect that the apparent inequalities in psychrometer performance were partly spurious and due to lateral wind swings around the closely disposed instruments, causing a given psychrometer to receive air which had been in contact with the irradiated surface of an adjacent instrument. A modified control procedure was accordingly adopted in all subsequent observations. In this the observation period was divided into two equal parts with a 12 min. interval, and for the second part the psychrometers and anemometers were systematically inter changed, the 200 cm. instrument with that at 100 cm., 150 cm. with 37*5 cm. and 50 cm. with 25 cm. On the basis of laboratory measurements of thermal lag it was known that the period of 12 min. was adequate for the adjustment of the inter changed psychrometers to their new environments. This procedure complicated the observational and analytical work but on the whole was thought to provide a more dependable instrumental control.
For the evaluation of the vertical flux of heat it was necessary to measure or estimate the magnitudes of the remaining components in the balance of heatexchange processes. The direct and diffuse solar radiation on a horizontal surface and the component reflected from the ground were measured by a solarimeter calibrated at Kew Observatory, one reading of each component being taken in each 3 min. period. These measurements were made only with practically clear sky, so that individual readings did not show the pronounced variation associated with scattered or broken cloud, and the frequency of reading adopted could thus be expected to yield representative mean values. Soil temperatures at various depths were measured by a distant-indicating multi point thermometer, consisting of a non-conducting cylindrical stem with copper strips set in various positions flush with the outer surface. Fine thermocouple wires, enclosed in the stem, terminate in single junctions soldered into each copper strip. The essential principle of the instrument is that it may be installed in the soil, merely by driving it in, with a minimum disturbance of soil conditions together with the maintenance of adequate contact between the soil and the temperature-sensitive surfaces. The temperature differences between the thermocouple at a depth of 16 in. and those at 12, 8, 6, 4, 2, 1, | and approximately Oin. were read to 0*05° F during each 3 min. period, and a reading corresponding to the difference between the 16 in. element and an element immersed in a water-bath at known temperature was also taken so as to specify the absolute values of the temperatures.
In order subsequently to obtain data on the thermal properties of the soil samples were taken with an 'undisturbed core' sampler consisting of a steel tube with a cutting rim tapered on the outside and inset slightly on the inside, the cutting dia meter being 4-5 cm. On driving the sampler vertically into the ground compression and distortion of the soil occurs outside the tube, while a relatively undisturbed core of soil is left inside the tube, from which it is quickly removed, cut into suitable sections and weighed immediately. These samples were taken down to a depth of 8 in., at a single point about a yard away from the soil thermometer, on three occa sions corresponding to the general periods when heat-balance observations were made.
Evaluation of the long-wave radiation term requires, among other items, a know ledge of the radiative temperature of the ground. I t has been shown by Robinson (1947) that to a good degree of approximation the radiative temperature of ground covered by short grass is indicated by a spirit thermometer lying on the ground (actually a Meteorological Office pattern grass minimum thermometer), even when the sun is at appreciable elevation. Single readings were taken in each of the 3 min. periods, this again being considered of adequate frequency in clear weather when violent oscillations of the indicated temperature did not occur.
Measurements of the natural rate of evaporation from the ground were attempted by means of soil evaporimeters of simple design. Undisturbed cores of soil 4 in. deep were extracted by means of a sampler similar to that already described but of cutting diameter 3 jf in. These were inserted in close-fitting pots made of Tufnol tube of internal diameter 4 in. and wall thickness £ in., so that the soil surface was flush with the rim. Corresponding but slightly larger containers were embedded in the ground with the rims flush with the surrounding soil surface, so forming clean watertight receptacles for the soil containers. The effect was thus to isolate sections o f the surface layer of the ground from surrounding and underlying soil without markedly disturbing the conditions existing therein, while leaving the actual surfaces exposed as in the natural state. These soil evaporimeters were set out about 15 to 20 yd. upwind of the temperature and wind instruments and weighed at the beginning and end of the observation period of 1 hr. on an indicating balance with an accuracy better than 0*03 g. The losses ranged from 0*1 to 2*5 g., and corrections (usually about 5 %) were applied for the abnormal exposure during the weighing process.
The interpretation of the evaporation measurements
The direct determination o f the true rate of evaporation by the preceding method is complicated in particular by the unavoidable isolation of the test soil from the underlying layers of soil, though it was thought that it might be possible to choose circumstances in which the effect of this limitation could be neglected. The site of the present measurements is on a deep bed o f clay, the top layer o f which normally dries out fairly progressively from the surface downward during the spring and summer. It follows that there may be certain stages in the drying history of such ground when isolation of the soil at some shallow dep the rate of loss of water from the surface/or some period. Such a stage possibly occurs in the early spring before drying out has proceeded to any great depth and before root growth has penetrated deeply, thus possibly drawing water from lower strata.
The optimum dimensions o f isolated soil cores consistent with maximum depth of isolation, capacity and accuracy of balances available and anticipated order of the rate of evaporation, were in the region of 4 in. diameter and depth, and these dimensions were accordingly adopted for the main soil evaporimeters. Two features suggested qualitatively that the isolation imposed at a depth of 4 in. was probably unimportant in the present measurements. In the course of extracting soil cores it was observed that the root growth rarely penetrated below 3 in., so that tran spiration was probably unaffected. Furthermore, it was unmistakably evident that appreciable drying had occurred in the top 2 in. of previously undisturbed ground, whereas there was no visual indication of drying having occurred at lower levels. However, a quantitative test was clearly necessary, and an approach towards this was provided in the following fashion. Additional soil pots were made to take soil cores of the same surface area but of depths 2 and 3 in. respectively, and on all occasions one or both of these was used in conjunction with the normal 4 in. evapori meters. If the vertical isolation exerted substantial influence on the water loss from the core it would be expected that the effects would show up to an increasing degree with the decrease of isolation depth and with the passage of time. Details of the water losses observed during each observation period are listed in table 1. The observations have been grouped into sets in which the same soil cores were employed for a number of consecutive observations, these sets being designated by letters A, B, C and D, a subdivision, indicated by a dashed letter, being m when a set of soil cores were employed for 2 days in succession (C' and D'). The figures include the actual loss from one of the evaporimeters (no. 5) and the relative losses from the remainder. For group A evaporimeters nos. 1 and 2 and the 2 and 3 in. auxiliary evaporimeters were installed the day before, whereas nos. 3, 4 and 5 had been in position for 8 days, during which period each had lost about 25 g., which corresponded to approximately 10 % of the original water content. For group C the installation was carried out 2 days preceding, while for groups B and D it was carried out on the same morning.
Group A , in which the maximum number of evaporimeters was employed, provided the most critical test of performance in view of the wide range of evaporimeter age also involved. In any one observation the losses indicated by individual evapori meters vary substantially, though in the whole group of observations there is apparently a fairly consistent relation between individual evaporimeters. We may therefore conveniently examine these results in terms of the mean relative losses for the whole group, and these are reproduced below: From these figures no svstematic effect of either evaporimeter depth or evaporimeter age is evident, and it seems legitimate to conclude that the differences exhibited are primarily due to a genuine point-to-point variation in evaporation, arising from heterogeneity in soil moisture, vegetation cover and local exposure. From inspection of the rest of the observations, for which in each group evaporimeter age was con stant, there is again no pronounced indication of a systematic effect of evaporimeter depth. On the argument put forward these features strongly suggest that in the soil situation then existing the soil isolation imposed had no important effect on the rate of loss of water from the surface, and that the losses observed with the 4 in. evaporimeters may be assumed to be a reasonable approximation to the true rate of evaporation.*
R eduction of data on humidity, temperature and wind profiles
Mean values of wind speed, temperature and computed absolute humidity at each of the six heights are given for each observation in table 2 .f Each figure repre sents a mean value over a period of 1 hr., and in the case of temperature and humidity the mean is derived from twenty readings in observations 6 to 14, sixteen readings in observations 15 to 30. The figures are given to an accuracy consistent with the nominal accuracy of reading, though with regard to temperature and humidity it should be noted that only the differences from one height to another, and not the absolute values, are nominally accurate to 0*01° F and 0-01 g./m.3 respectively. Since, however, the interest lies primarily in the gradients of these factors, the differences, and not the absolute values, are of paramount importance. In appraising the real accuracy of these figures the control measures adopted should be kept in mind. The first procedure, in which psychrometers and anemometers were compared at the same height, was employed in observations 6 to 14; the second and more reliable procedure of systematic interchanging being adopted for the rest of the measurements. The greatest weight is accordingly attached to observations 15 to 30, particularly as regards the differences over the intervals 200 to 100, 150 to 37*5 and 50 to 25 cm., since for these intervals it may reasonably be assumed that systematic instrumental inequalities not covered by the calibrations are automatically elimin ated by the interchange process.
Interest first naturally turns to the forms of the vertical profiles, since from these we require to obtain the vertical gradients of humidity, temperature and wind speed, and furthermore we propose to utilize certain laws relating the wind profile and aerodynamic drag at the earth's surface. Earlier studies of the wind profile in par ticular have recognized the influence of wind speed and vertical temperature gradient on the form of tjie profile. On physical grounds an interdependence of these factors is to be expected, since the magnitude of the temperature gradient clearly determines the initial tendency towards modification of the flow by buoyancy forces, while the strength of the wind and the associated shearing forces constitute an opposing tendency and may be expected to control the extent of the modification. These ideas have been developed by a number of workers (see Brunt 1939, p. 242), and the general belief now is that the so-called 'stability' of the atmosphere is specified by the following number, usually termed the Richardson number,
where T is in °K, T is the dry adiabatic lapse rate, 3 and du/dz are the vertical temperature and wind velocity gradients, z being measured upward. The sign of the above number is of course controlled by the sign of the temperature gradient, positive and negative values denoting stable and unstable thermal stratifications respectively. Zero or relatively low numerical values imply a state in which thermally induced buoyancy forces are entirely absent or dominated by large dynamical forces. For simplicity these conditions will usually be described as 'stable', 'un stable' and 'neutral'.
As an illustration of the general features of the present vertical profiles, three small groups of observations have been selected as representative of moderate instability, near-neutral conditions and moderate stability, the mean values of the Richardson number at 75 cm. being -0*056, -0*005 and +0*067 respectively. The selection has been made from observations 15 to 30, which, being subject to a more satisfactory control than the earlier observations, should provide a more critical demonstration of the forms of the profiles. The mean profiles for each property and each group are shown graphically in figure 2, a common representation of all three properties, wind speed, temperature and humidity, being achieved by plotting against the logarithm of the height, the values of the parameter tSerepresenting wind speed, absolute humidity or temperature at height 2 cm. In neutral conditions both wind speed and absolute humidity show a close approach to a linear relation with the logarithm of the height. The remaining profiles of wind speed and humidity and the two profiles of temperature exhibit a systematic depar ture from linearity, such that in unstable conditions the S /log z curve is concave upwards and in stable conditions convex upwards. This is wholly consistent with recent profile results quoted bySheppard (1947) and by Deacon (1949). The departure of individual points from straight fines or smooth curves provides some indication of the general accuracy and representative nature of the measurements. As might be expected, greatest consistency has evidently been achieved in the wind-speed and dry-bulb measurements. arranged in the order of the Richardson numbers at 75 cm., and in order to em phasize the variation of the profile with the latter number straight fines have been drawn through the points at 25 and 50 cm. With the exception of a single observation (no. 30) these wind profiles exhibit, in a more detailed and systematic fashion, the variation with Richardson number already indicated by the three selected groups above. The essential feature is that when the Richardson number is numeri cally small, i.e. in near-neutral conditions, there is a linear relation between u and log z. In unstable conditions (Richardson number negative) u increases less rapidly than log z, while in stable conditions it increases more rapidly than logz. Analytical interpretations of these profiles will be noted in subsequent stages of this paper. In general two procedures have been followed, according to the general consistency of the profile data, in evaluating the vertical gradients of temperature, humidity and wind velocity. For observations 6 to 14 smooth curves were drawn through the individual S/log z profiles and tangents drawn to these curves at approximately the mid-point (actually 75 cm.), i.e. well away from the extremities of the curve, so that experimental scatter and personal error in drawing would be unlikely to lead to unreproducible results. For observations 15 to 30 the greater reliability attached to the differences over the various height intervals involved in the interchanging process permitted a reproducible arithmetical derivation of gradients at a number of heights. The basis of this is that except in cases of extreme curvature of the log height curve, the variations with height of the property S may be represented approximately by the equation S = a+61og(2 + c),
S = abs. h u m id ity

Eddy diffusion of water vapour and heat near the ground
where b and c may be derived from values of the property S at three heights. Actually c was found to vary systematically with height, so the method adopted was to obtain values of c appropriate to the lower and higher sections of the profile, using the differences 200-100, 150 -37-5 and 150 -37*5, 50 -25 respectively. These values of c were used to deduce dSjdz at 150 and 37*5 cm. respectively, wh the two values was used in computing dSjdz at 75 cm. The values so obtained are reproduced in table 3, u, x and T referring to wind speed, absolute absolute temperature respectively. Values of the Richardson number are also tabulated there. A few omissions occur in groups , O', D and D' when gradients could not be derived with confidence, owing either to inefficient performance of the 100 cm. wet bulb or to apparently spurious features in some part of the profile. 
Eddy diffusivtty and evaporation in neutral conditions
The applicability o f the functional form of equation (1) to the lower layers of the atmosphere in neutral conditions is now widely accepted, and the profile data already discussed here provide additional confirmation of this feature for a short grass surface. However, the feature which is of most critical importance in the present analysis is the explicit validity of equation (1) It is seen that the above figures, though somewhat variable, as might well be expected from the nature of the measurements made, have a mean value very close to 0*40. As far as is known this provides for the first time a direct verification of the identity of the eddy diffusivity for water vapour with that for momentum.
. T h e i n f l u e n c e o f a t m o s p h e r i c s t a b i l i t y
We may now turn to a more general consideration of the data assembled in table 3 (1) and (2) applied to give the eddy diffusivity, without incurring errors greater than about 30 %. At height ranges more customarily adopted, however, the error so introduced would be very large, and we therefore require to give further consideration to the present results with particular reference to the effect of atmo spheric stability. agree with wind-gradient observations at large stability and instability, and demon strates that a modified formula, proposed by Holzman (1943) entirely on empirical grounds and in the interests of mathematical tractability, provides a better repre sentation. Holzman's formula may be reduced to the form = k*(l-<rRi),
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F. Pasquill which it will be seen is identical with equation (7) when the Richardson number is small. Equations (7) and (8) 
then plotted against depth z and expression (16) evaluated by measuring the area between the z-axis and the curve so obtained, with a planimeter, over the limits z = 0, z = z'. In the cases when the soil temperature did not pass through a maximum or minimum above the 8 in. level it was necessary to use equation (15) The long-wave radiation component from ground and atmosphere was derived by the empirical method described by Robinson (1947), employing for convenience the radiation chart described on p. 146 of that article so as to obtain directly the net out ward radiation at a given level. The 'water-path '-temperature curve below 2 m. was constructed from the present temperature and humidity profiles, and the ' radiative temperature ' of the ground measured as previously described, using intervals 0 to 37-5, 37*5 to 50, 50 to 75, 75 to 100, 100 to 150, 150 to 200 cm. For the remainder of the curve the necessary values of upper-air temperature and humidity (starting from the 1000 or 950 mb. levels, according as the surface pressure was above or below 1025mb.) were interpolated from previous and succeeding Downham Market ascents. In all cases inspection of the synoptic situation suggested that no sub stantial differences in air-mass properties were likely to exist over the distances separating the present site and Downham Market (30 miles). Furthermore, the observations for which these computations were made were carried out in good visibility with in general less than 3/10 diffuse high cloud (see cloud data in table 3), the cloud being in most cases at a fairly low angular elevation. No attem pt has been made to allow for the effects of these small cloud amounts. The worst case is observa tion no. 20, when the mean cloud amount was 3/10 Ci and 2/10 Ac, and this has been included deliberately in the present analysis so as to provide some appraisal of the errors likely to accrue from neglect of the cloud factor.
. M a g n i t u d e s o f t h e e d d y d i f f u s i v t t y f o r h e a t
The measured and computed heat components are listed in table 5, and the balance is attributed to turbulent transport. The values are specified to 0*001 cal./cm.2min., though we shall now see that errors considerably in excess of this may be expected to occur. For the estimation of long-wave radiation, Robinson (1947) suggests that the net outward radiation with clear skies is given by the radiation chart with a probable error of + 0-015 cal./cm.2min. The comparison of the solarimeter with a Gorczynski or Angstrom instrument suggested that the indications of the former may be in error up to ± 2 %, i.e. + 0-015 cal./cm.2min. in the maximum values of incoming solar radiation measured in the present investigation. As for the errors likely to result from heterogeneity of the thermal properties of the soil it may be noted that if point-to-point variations in soil-moisture content are of the order of the differences shown by the separate measurements summarized at the bottom of table 4, then these could lead to errors of up to ± 10 % in the heat capacity per unit volume of soil and hence ± 0-015 cal./cm.2min. in the maximum value of the heat absorbed in the soil. These few examples suffice to indicate the very considerable casual error which might accumulate in the balance of the various factors. Further more, the present observations include two cases in which a direct assessment of the resultant error is possible, since for observations nos. 8 and 18, which were carried out on widely separated occasions, the gradient of potential temperature was practically zero. In point offact the values at 75 cm. were respectively 2 x 10-4°C/cm. and -1 x 10~4° C/cm. respectively. The turbulent transport of heat should therefore be very small and the remaining components, i.e. those measured and estimated, should almost balance. Actually it will be seen from table 5 that the greater dis crepancy occurs in no. 18 and there amounts to 0-04cal./cm.2min., a figure which seems fairly consistent with the individual errors cited above.
We now; apply equation (14) A feature which we have not considered so far is the possibility of systematic error in unstable conditions. In order so to explain the observed differences in K h and K v the error would have to be in the form of an of turbulent heat flux to an extent of about 100 %, or a substantial underestimation in the heat of evaporation term. Considering the heat-balance terms there is no reason to suspect any appropriately systematic error in the measured terms, solar radiation, soil heat and heat of evaporation, and the only other term is the computed long-wave radia tion flux. In the computation of this factor the effects of small amounts of high cloud were neglected, but this would result in a slight overestimation of the upward flux of long-wave radiation and hence an underestimation of the turbulent heat flux. Furthermore, the computation assumes the radiative temperature of the ground to be given in all cases by a spirit thermometer laid on the ground. Actually Robinson's unpublished data suggest that with the sun's altitude above 30° the method over estimates the radiative temperature. As far as can be inferred from this somewhat 
where L' is the latent heat of vaporization, so that with the appropriate measure0y ments or estimates K v and hence -K v^~, i.e. the derived. The advantage claimed for this method is that except for the above assump tion no knowledge of the processes of turbulent transport is required. The present results only support this assumption in stable conditions. In unstable conditions, for which values of K H approximately double those of K v are indica siderable error could arise in the computed rate of evaporation. It is easily seen from the above equation that the error depends on the relative magnitudes of the vertical gradients of temperature and absolute humidity, and that when the former is 106 times the latter, a factor which was frequently attained and occasionally exceeded in the present observations, the computed rate o f evaporation would be 33 % too high. Thus on the present indications the method may only be applied with confidence when the vertical temperature gradient (measured upwards) has a positive or a relatively small negative value, and is likely to be seriously in error for large negative gradients of temperature, when, other factors being constant, evaporation occurs at a maximum rate.
The 'hydrodynamical' method has been used by Sverdrup (1936) 
which is again evaluated by measurements of wind speed and humidity at two heights, z0 being obtained from equation (1) and measurements in neutral conditions, fi from equation (12) as described in §6. The indications of the results discussed in § 5 and at the end of § 6 are that the above equations may be used to prescribe the rate of evaporation over short periods (1 hr. or more) with an accuracy usually within ± 20 %, while over extended periods some improvement in this could reasonably be expected. In stable conditions neither of the above expressions can be supported by experimental data, and at present it is necessary to appeal to the observed decrease of stability influence as the boundary is approached and to apply equation (19) as an approximation, with measurements made preferably in the first \ m. above the surface. Since in general the rate of evaporation from a land surface in stable con ditions of air flow may be expected to be of a low order, the error incurred by this approximation in estimating daily or longer period evaporation loss will rarely be of importance. It should be noted that if the height of the vegetation cover is not very small compared with the heights above the soil surface at which wind speed and humidity are measured, the wind-profile laws are only satisfied by applying a * zero-displace ment ' correction (see, for example, Deacon 1949), which is attributed to the fact that the boundary from which turbulent transport is effective is at some distance above the soil surface according to the height and density of the vegetation. Thus equation (1) Finally, it is desirable to emphasize that the demonstration provided here of the superiority of the present hydrodynamical approach over the classical heat-balance method is contrary to conclusions drawn by Penman (1948). It should be noted, ho we vet, that while favouring the latter method Penman finds that it overestimates the daily free-water evaporation loss in midsummer, a result which would be expected from the present analysis. Furthermore, the hydrodynamical approach which Penman concludes to be inadequate differs fundamentally from the present method and is founded essentially on an empirical modification of a treatment which is basically justified only in the case of a so-called 'aerodynamically smooth ' surface, a condition which is recognized to be the exception rather than the rule over a natural land surface (see, for example, Sheppard 1947, p. 217, for a brief discussion of this feature). 
